Effect of Brownian diffusion on the electrical classification of ultra fine particles in the differential mobility analyzer (DMA) has been studied theoretically and experimentally. Twokinds of particle losses which are undesirable in size analysis, (1) loss caused by the Brownian diffusion of particles traversing the sheath air stream toward the collector rod of the DMA, and (2) loss caused by Brownian diffusive deposition of particles on every wall of the DMA excluding the collector surface, were theoretically evaluated by solving the diffusion equation. Some of the calculation results were confirmed by experiments for particles of various sizes, two different lengths of DMA and various ratios of flow rate of aerosol to sheath air.
Introduction
The differential mobility analyzer (DMA) has been increasingly utilized as a sizing instrument as well as a monodisperse aerosol generator of particles smaller than 1 fim in diameter. In sizing of ultra fine particles of diameter less than 0. 1 fim, however, the following two kinds of particle losses maybe expected in the DMA:(1) loss caused by the Brownian diffusion of particles traversing the sheath air stream toward the collector rod, and (2) loss caused by the Brownian diffusive deposition of particles on every wall of the analyzer. These losses were evaluated theoretically by solving the diffusion equation and were experimentally observed in the tandem DMAsystem. where gc, qa and qs are the flow rates of sheath air, inlet aerosol and exit aerosol, respectively. It is expected, however, that Brownian diffusion cannot be neglected when the particle size is small. Particle losses caused by Brownian diffusion will take place in the following three sections: (1) inlet pipe and annular section before aerosol merges with sheath air (section A shown in Fig. 1 (a) ); (2) electrical classification section (section B); and (3) section after sampling port (section C). Changes in number concentration of aerosol particles in sections A, B and C can be evaluated by applying the diffusion equation as follows. 1) Brownian diffusion in electrical classification section (section B) Since the flow pattern of gas and aerosol in section B in the DMAis very difficult to analyze, this section is approximated to the system where aerosol and sheath air flow coaxially through the annular tube as shown in Fig. 1 (b) . As reported in the previous paper,3) the trajectory of a monodisperse particle undergoing Brownian motion is governed by the equation of convective diffusion, which is expressed as follows:
where r and z denote the radial and axial coordinates, respectively, as shown in Fig. 1(b) , np the number concentration of particles carrying p elementary charges, u(r) the axial velocity, D the Brownian diffusion coefficient, Zv the electrical mobility of the particle and E(r) the intensity of the electric field as given by the next equation.1} E(r) = V/{r \n(R/kR)}
The following assumptions are made in the derivation of Eq. (3):
(1) Parabolic laminar flow is fully developed at the merging point of aerosol with sheath air (z=0).
(2) The inlet aerosol contains spherical and monodisperse particles with single elementary charge.
(3) The effect of Brownian coagulation and electrostatic diffusion on the change in particle number concentration can be ignored.
(4) There is no flow to the sampling ports (qs=0). The velocity profile of air in an annular tube is given as
where uav=(qa+qc)/n(R2-k2R2). Whenthe value of the Peclet number (=2Ruav/D) is larger than 100, Brownian diffusion in the axial direction can be 402 ignored. Since this condition is valid for particles larger than 1 nmin diameter, the nondimensional expression of Eq. (3) is given as follows:
where F=_r/R, z=z/LB, np(r, z)=np(r, z)/nfn, u(f)= u(r)/uav D an<i E m Eq. (6) are the dimensionless parameters which can be evaluated from the aerosol property and the dimensions of the mobility analyzer as follows.
D=DLB/R2uav and E=ZpLBV/R2uavlnk.
The initial and boundary conditions for Eq. (6) are:
where 3 shows the ratio of the thickness of the clean air stream to the whole gas stream and can be obtained from the following relation. u(f)rdr (8) Since Eq. (6) cannot be solved analytically, the Crank-Nicolson implicit method was employed to solve it. The diffusion equation, Eq. (6), is converted to finite difference equations using a simple central difference formula. The solution requires the numerical calculation of a set of algebraic equations whose matrix is tridiagonal and is easily completed by a Gaussian elimination process.
Numerical calculations were made with various meshpoints to check their accuracy, and a mesh of 1000 radial points and 1000 axial points was found to be sufficient. The average numberconcentration of aerosol particles in an axial plane at any arbitrary distance z can be given from the numerical solution of Eq. (6) as follows. Figure 2 shows the decrease in average particle number concentration of monodisperse particles having one elementary charge, where the ordinate indicates the average particle number concentration remaining in the DMAand the abscissa is the dimensionless length. In this figure, Vc is the applied voltage required to bring a singly charged particle to the sampling port of the DMA (Vc=qc\n(R/kR)/ 2nLBZp). The thin straight solid line shows the calculated result of no Brownian diffusion and other lines show results when Brownian diffusion takes place. Figure 3 shows the deposition flux of particles toward the inner cylinder, calculated by the next equation.
j= -Ddnp/dr\r=kR+ZpVnp/(rlnk)\r=kR (10) In the case of no Brownian diffusion, all particles reaching between 1 and 1 +Az, where Az is expressed by Az=qjqc, will be sucked through the sampling port. Since the region where particles deposit on the collector rod is spread due to Brownian diffusion as seen in Fig. 3 , only particles reaching the center rod between 1 and 1 +Az are sucked through if there is gas flow through the sampling ports, and particles reaching the region outside the Az cannot be sampled. This loss of particles may be called sampling efficiency and is expressed by the following equation:
where Nfn and N^ut are the particle numbers of fed and sampled aerosol per unit time, respectively, and are expressed by the following equations:
The distribution of the deposited particles (deposition fluxj) changes according to the applied voltage F as shown in Fig. 4 . WhenVis higher or lower than Vc9 only particles deposited in the range from 1 to 1 +Az are sampled, as indicated by shadow lines in Fig. 4 . WhenV equals Vc, the center of the flux distribution coincides with the center of sampling zone, z= l +Az/2, and the sampling efficiency is highest. Changes in the ratio of sampled particles to the total, that is, sampling efficiency, are shown in (1). Therefore, the sampling efficiency for the electrical mobility Zp, SB(Zp) has quite the same distribution as shown in Fig. 5 . Figure 6 shows the effect of D/E on the sampling 2) Brownian diffusion in other parts (sections A and C) Since there exists no electric field in sections A and C as shown in Fig. 1 (a) , the decrease in particle number concentration is mainly caused by Brownian diffusion, which is given by the numerical solution of Eq. (6) without electric field. Details of sections A and C are shown in Fig. 1(a) . Figure 7 shows the penetration of aerosol particles in sections A and C, which is numerically calculated. Particle loss in section A is larger than that in section C.
Electrical classification of particles in tandem DMAs
Now, we discuss the tandem DMA system, where the exit aerosol from the first DMAis directly admitted into the second DMAwithout passing through a neutralize^and the flow rates of aerosol and sheath air of the second DMA are set equal to those of the first DMA. This system is useful for measuring particle growth or evaporation4) and to calibrate DMAs.
The electrical mobility distribution function of the first DMAexit aerosol, nl0, can be expressed as the product of its function at inlet, nu(Zp), and the sampling efficiency S(Zp):
where Sf(Zp) = nit/nfn
SKZp) = ncoa/ng
The number concentration of the exit aerosol Anl0 at a certain collector-rod voltage is given as: certain value, the center value of electrical mobility Zpsc which gives the maximumsampling efficiency is determined. In this figure, Zpsl and Zps2 indicate the electrical mobilities which give minimum sampling efficiency. If the setting of the voltage of the second DMAis smaller than that corresponding to Zp2+ {Zp2-Zpc(V)} or larger than Zpl -{Zpc(V)-Zpl}, the particle number concentration of the second DMAexit will be zero, as shown in Fig. 8 , whereas it is not zero if the voltage is set at a value between these two limits. The general equation that gives the Zp distribution function of the second DMA exit aerosol, n2o(Zp), can be expressed as follows:
The number concentration of the second DMA exit aerosol, An2o, at a certain collector-rod voltage, is given as: r*P2 Anio = n2o{Zp)dZp (1 7) JZpi
The change in particle number concentration of the second DMA exit with the second collector-rod voltage V2 can be calculated from Eq. (17), and the result is shown in Fig. 9 . When the effect of particle losses by Brownian diffusion is negligible, the value of An2o/Anlo is 0.667 at V2/V1=\.O as discussed in the previous paper.3) However, it is found from Fig. 9 that the effect of Brownian diffusion becomes significant with decreasing particle size, as indicated by broader and lower voltage-number concentration response curves. Figure 10 shows a schematic diagram of the apparatus used in the experiment. A polydisperse NaCl aerosol of particle diameter from 4 to 60nm was produced by an evaporation-condensation aerosol generator.
Experimental Considerations

Experimental apparatus and method
2) The aerosol was passed through the Am-241 (lOOfiCi) neutralizer and was fed into the first DMA. The sheath air was recirculated; this means qs=qa. The classified aerosol exiting from the first DMA was directly fed into the second DMA, without passing through the neutralizer. The particle number concentrations of aerosol at the inlet and the exit of the second DMA were measured by the condensation nucleus counter (CNC).2'4)
In this experiment, three different DMAs were used as the second DMA, as shown in Table 1 . DMAs I and II have shorter length of section B than DMA III so as to learn the effect ofBrownian diffusion, and the material of section C ofDMA I is brass rather than Teflon, as shown in Fig. ll , so as to learn the effect of electrostatic deposition. They were operated under the same conditions as the first DMA. Figure 12 shows the ratio of the particle number concentration of the second DMA exit aerosol to that of the first DMA exit aerosol when a collector-rod voltage corresponding to Zpsc= Zpc is applied to the first and second DMA. 2) Other dimensions except L\ ofDMAs I and II are quite the same as for the first DMA.
Experimental results and discussion
obtained by Eq. (17) 4//min it is found that the particle deposition in section C made of Teflon is enhanced compared with that madeof brass due to the electrostatic force which may be induced by the charge on Teflon walls. The comparison of DMAII (Lf=10cm) and DMAIII (Lf=44.8cm) shows the slight effect of Brownian diffusion in section B on particle number concentration of exit aerosol. On the other hand, the experimental results for qa=4l/min show higher concentration and agree better with the theoretical results than that for qa=2l/mm. Furthermore, no loss of particle appears in the range of size larger than about 20nm in diameter. This reason may be (i) particle loss by a slight disturbance at the point where aerosol merges with sheath air and (ii) rough approximation of aerosol paths in sections A and C. is kept constant, while the second DMAvoltage V2 is varied. The ordinate is the ratio of number concentration of the second DMA exit aerosol to that of the second DMAinlet, An2o/Anlo. The abscissa is the ratio of the second DMA collector-rod voltage to the first one, V2/Vl9 where Vx is V\L\IL\. Figure 13 (a) shows the experimental results using DMAIII as the second DMA.In both cases of qa=2ljmm and 4//min, the experimental results have peaks at V2/Vl = 1 and their distributions tend to broaden with decreasing particle size as the theoretical curves show. It is found from this figure that no particle loss caused by Brownian diffusion appears in the size range of larger than 20nmand at the operating conditions of qa=4l/min and qc=20l/min. It is also seen that the experimental data in all cases deviated toward lower voltages of V2. This nonsymmetryseen in the distribution is considered to be caused by the difference in Brownian diffusion coefficient due to particle size. 
